The magnetic flux imbalance of active regions has been studied using the longitudinal magnetograms obtained from the National Solar Observatory at Kitt Peak. The maximum and the median value of the flux imbalance in 137 active regions situated near the disk center is found to be about 62% and 9.5%, respectively. The detailed analysis of a few selected active regions shows that the local flux asymmetry is compensated on global scales. For example, the NOAA Active Region 7978, which appeared during the solar activity minimum period and evolved during five solar rotations (1996 July-October), shows a flux imbalance of about 9.5%, with an excess of following negative flux. However, on a global scale, the positive and negative flux in the entire solar disk was found to be nearly balanced during the same period. The global flux imbalance of the Sun during a full magnetic cycle is estimated from the Carrington maps. These maps are made by merging the solar images obtained during a complete solar rotation (about 27 days), hence each represents the entire surface of the Sun. The 10 -40 active latitudinal zone in the individual hemispheres during the solar maximum shows a flux imbalance of more than 20%. This is reduced to below 10% when the entire Sun is considered. The present study indicates that a fraction of the magnetic field from the localized active regions connects with far away locations.
INTRODUCTION
The photospheric magnetograms show that the magnetic flux in the leading and following polarity of the active regions (ARs) often is not balanced. Partly, this might be because of the limited field of view (FOV) of the magnetographs with which many studies of solar magnetic fields are carried out. For example, the FOV of the vector magnetograph of the Marshall Space Flight Center (MSFC) and the National Astronomical Observatory of Japan (NAOJ) are about 6 0 and 5 0 , respectively. Although the compact portion of the AR is within this field of view, these instruments do not observe a large diffuse component. Whereas the limited FOV is a major source of observed flux imbalance, in many cases this persists even when the field of view is expanded to accommodate the entire AR. As a result, the imbalance in the photospheric magnetic flux, observed in both large and small ARs, has remained a curious problem in solar magnetism. Large imbalances were seen in the early observations of sunspot groups, which were mostly thought of as instrumental effects (Sheeley 1966; Stenflo 1967 Stenflo , 1968 . The Kitt Peak magnetograms, corrected for flux saturation, showed a substantial flux imbalance in the case of SESC 2522, which appeared on the solar disk during 1980 June 23-26 (Poletto, Gary, & Machado 1993) . Similarly, the superactive regions producing major solar activity in 1991 displayed large asymmetry of more than about 80% of unbalanced flux inferred from MSFC magnetograms (Fontenla et al. 1995; Debi Prasad et al. 1997; Schmeider et al. 1994) . By increasing the field of view, the same AR shows the flux imbalance of about 40% as shown in this paper. The flux imbalance ranges up to about 30% in the case of ephemeral ARs situated in areas of the quiet Sun (Livi, Wang, & Martin 1985) . The most common observational explanation proposed for the observed flux imbalance is related to the undetected weak flux and the merging of AR flux with preexisting background flux. At the same time, there are at least three theoretical concepts proposed for explaining this imbalance: (1) The electric currents within the AR in the photosphere can cause a line-of-sight flux imbalance because of the directionality of the magnetic field they produce (Gary & Rabin 1995) . But this explanation is untenable for unbalanced flux seen near disk center. (2) As the AR disperses, the magnetic flux tubes become less detectable. This is demonstrated in empirical models showing the flux tubes to be hotter in areas of low filling factor (Grossmann-Doerth, Pahlke, & Schüssler 1987) . Even here, the imbalance should disappear in magnetograms obtained using the spectral lines of low temperature sensitivity. (3) Last, the flux reaching the photosphere from the convection zone may not be as compact as suggested by the Babcock model. Therefore, long-range connections between the ARs would balance magnetic flux on large scales, but not at the level of an individual AR. This is a testable hypothesis, which is addressed in this paper.
In this paper we have investigated the third explanation, viz. of nonlocal connectivities leading to flux imbalance. For this we used the longitudinal magnetograms of 137 ARs obtained during 1992-2000 and Carrington maps of magnetic flux over one 22 year magnetic cycle, i.e., from 1975 to 2000, obtained from the National Solar Observatory at Kitt Peak (NSO/KP). A major part of the study depends on the observations made with the NASA/NSO spectromagnetograph (SPM), which has a large field of view and large dynamic range in flux sensitivity (Jones et al. 1992) . The SPM has been recording full disk magnetograms since 1992, with a plate scale of 1 00 Â 1 00 pixel À1 , and has good sensitivity to weak flux without saturation in sunspot umbrae. Further, the magnetograms are obtained with a temperature-insensitive Zeeman line (Fe i 868.8 nm).
Our analysis shows that, in general, the magnetic flux imbalance is noticed in localized ARs and decreases when the entire Sun is considered. This implies that a substantial portion of the magnetic field lines of ARs join with remote parts of the Sun. Its implication for solar flare activity is discussed.
OBSERVATIONAL DATA AND ANALYSIS
The magnetograms used in the present study are obtained using the NASA/NSO SPM. Whereas the detailed account of the instrument can be found elsewhere (Jones et al. 1992 ), we give a few relevant details in this section. The image of the Sun is passed through a liquid crystal modulator and focused onto the slit (0>7 Â 550 00 in size) of a Littrow spectrograph. The longitudinal Zeeman splitting of the spectral line is observed by alternatively passing the left and right circularly polarized light controlled by the liquid crystal modulator. The central minima of each Zeeman component of the spectral line are determined by a real time '' profile analysis algorithm.'' The difference and sum of these wavelengths are measures of the desired magnetic and velocity signals.
Comparison of the magnetic field measurements obtained using the SPM with those obtained using other magnetographs, such as imaging magnetographs and Stokes polarometers, are also presented by Jones et al. (1992) . The main advantage of the SPM is that the use of the isolated Fe i 868.8 nm line helps in measuring the Zeeman splitting more accurately compared with magnetographs using the more conventional Fe i 630.2 and 525.0 nm lines. Further, the use of the '' line center '' of the polarized spectrum for magnetic field estimation and low scattered light in near-infrared wavelengths minimizes the effect of stray light in determining the magnetic field. However, the unshifted component in the Stokes-I parameter appears with equal strength in both states of polarization and tends to bias the central wavelength shifts of each circularly polarized component toward zero. But since this has an equal effect on both polarities, it cannot alter the true flux imbalance.
It may be mentioned that the magnetic field values vary considerably when measured with different instruments, such as SMP, MDI (Michelson Doppler Imager on board SOHO), and GONG (Global Oscillation Network Group; Jones & Ceja 2001) . Although there is an overall correlation, the trend deviates in the strong field regions. Therefore, the study of the statistical properties of the AR magnetic field must be carried out using a uniform data set obtained with a single instrument and reduction procedure. In the present case, we have used the AR magnetograms and Carrington maps obtained with SPM and the diode array magnetograph at NSO/KP, which are cross-calibrated.
We have selected 90 full-disk magnetograms with full resolution and seven with medium resolution. From these fulldisk magnetograms, 137 ARs situated close to the central meridian (CM) passage (0:95 l 1:0) were extracted for the present study to avoid the projection effects in magnetic field measurements. The magnetograms are multiplied by a factor of 1.46 for Fe i 868.8 nm in order to convert to gauss. Table 1 gives the summary of the database used in this investigation. The ARs in the data set include both those of high and low flare productivity, as well as young and small bipoles. We have also included few ARs that made multiple disk passages with successively depleted flare activity. For a quantitative measure of the flux imbalance or asymmetry, we define the percentage of flux asymmetry as
where B P and B N are the integrated positive (toward the observer) and negative (away from the observer) flux, respectively. The individual ARs from the full-disk magnetograms were extracted by selecting them interactively. The boundary of the AR is chosen such that the inclusion of flux from the neighboring pixels does not change the total flux by more than 3%. These changes are due to the inclusion of the diffused flux elements into the AR field of view. However, these diffused flux elements are mostly small bipoles, which do not contribute to the flux asymmetry of the ARs. This was clearly observed by estimating the asymmetry parameter by changing the AR boundaries to their neighboring pixels. Corresponding to a 3% change in the absolute flux, the change in the asymmetry parameter was less than 1%.
Another source of error in determining the '' flux asymmetry '' is the use of the line-of-sight (LOS) component of the magnetic field, which is measured by SPM. When the AR is situated at the disk center, the integral across the selected area of the LOS component of the magnetic field in the photosphere gives the magnetic flux. Most of the ARs included in the present study are situated near the disk center or close to the CM of the solar disk. The maximum deviation of the center of the AR and the CM in the data set was about 2
, which might introduce a flux asymmetry of about 3%. However, if the inclinations of the field lines at two foot points of the AR are not symmetrical, there may be additional sources of error. As simple bipolar ARs are chosen, such sources of error do not affect the estimation of flux asymmetry.
For studying the global nature of the flux imbalance, we have used the Carrington maps from Carrington rotation numbers 1625 to 1962 made with the NSO/KP magnetographs. Each map is integrated over longitudes to produce a single column net field image of the Sun. These columns are placed adjacent to each other to make a net field map of the Sun, which is essentially a '' butterfly diagram '' of magnetic flux. The flux in the latitude zone of AE10 -40 are used to estimate the global asymmetry. The results derived by considering this active latitude zone remains unchanged when the hemispherical asymmetric of the magnetic field pattern is taken into account (Antonucci, Hoekema, & Schorrer 1990) . Since the Carrington maps use the CM strip of the solar disk, the error introduced by using the LOS component of the magnetic field for the flux estimation is minimal.
RESULTS AND DISCUSSION
The histogram of flux asymmetry (DB%) of 137 ARs situated near the disk center are given in Figure 1 . The median Fig. 2. -Magnetograms of the NOAA AR 7978 during its five successive disk passages. The number on each magnetogram gives the year, month, and day. During these dates the AR was situated near the CM of the solar disk.
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value of the flux asymmetry is about 9.5%, which is significantly higher than the measurement errors. We have selected a relatively stable and a flare-producing AR for detailed study. The evolution of the flux asymmetry of a long-lived AR (NOAA AR 7978) was monitored and compared with a superactive region (NOAA AR 6555). Figure 2 gives the magnetograms of NOAA AR 7978, which appeared in July 1996 and evolved during the successive rotations until 1996 October. In the initial phase, this AR was compact and flare producing. During the fourth and fifth returns, the AR produced flares and coronal mass ejection, although the positive and negative polarity became diffused. Since NOAA AR 7978 was the only AR on the Sun during 1996 July-October, it serves as an ideal case for estimating the magnetic flux without interference from neighboring ARs. The relation between the total positive flux and the corresponding negative flux of the AR alone during the successive disk passage is shown as a scatter plot in Figure 3 (left), while the corresponding scatter of positive and negative flux for the full Sun during the same epoch is shown in Figure 3 (right). The flux of the AR and the entire Sun were estimated from the Carrington maps of rotation numbers 1911 to 1915. As the LOS components of the magnetic field are used to compute the total flux of the full Sun, the estimated flux is a fraction of the true flux. However, assuming the random distribution of the magnetic elements over the solar disk, the flux estimation will be equally affected in both polarities. The figure shows the flux asymmetry of the AR and the full Sun measured during successive disk passages. The slopes of the two plots are found to be 1.48 and 1.0, which imply that the flux asymmetry of the AR is higher than the asymmetry when the entire Sun is taken into account. We have examined a superactive region, NOAA AR 6555, for comparison. In the case of NOAA AR 6555, the flux asymmetry is reduced when the full disk is considered. However, this data was taken with the NSO/KP magnetograph prior to the deployment of spectromagnetograph and could well be of relatively inferior dynamic range. Further, during this time there were a number of large complex ARs on the solar disk. If one interprets the flux asymmetry as a measure of large-scale connectivity, then the asymmetry in NOAA AR 7978 and NOAA AR 6555 could provide an interesting insight into the cause of flare productivity. Large-scale connectivity of significant strength implies greater vulnerability to the onset of magnetic nonequilibrium in terms of Parker's studies of the equilibria of magnetic loops (Parker 1975 ). Parker had predicted that a given magnetostatic atmosphere cannot support loop spans larger than a critical value that is related to the scale height of the atmosphere. Physically, this means that the magnetic tension cannot balance the pres- sure gradient when the radius of curvature of the loop exceeds a critical value related to the pressure scale height.
In the case of the NOAA AR 7978, it is clearly seen that the local flux asymmetry due to the AR is reduced when the entire solar disk is considered. But this does not resolve whether the asymmetry is compensated more by connectivity across longitudes or by connectivity across latitudes. In order to look for such directionality in the long-range connections, we have examined the '' magnetic butterfly diagram '' that is prepared by using the Carrington maps. Each map is integrated over longitudes to produce a single column net field image of the Sun. The longitudinally integrated columns of the Carrington maps are placed adjacent to each other to make a net field map of the Sun as shown in Figure 4 . The value of flux in the latitude zone of AE10 -40 is used to estimate the global asymmetry. Figure 5 (top) shows DB% estimated within the latitude range of 10 N-40 N, where a periodic variation of $10%-20% related to the solar activity cycle is observed. This effect is smoothed and reduced to $10% after the 1992 observations, hence the large amplitude of the fluctuations before 1992 could well be an observational effect. Figure 5 (second panel from the top) shows the same effect in the Southern Hemisphere, which has more fluctuations. The top two panels in Figure 5 show that there is a definite trend of flux asymmetry as a function of the solar cycle in the Northern Hemisphere, which is not so clear in the Southern Hemisphere. Furthermore, the signs of these asymmetries change during alternate cycles with opposite trends in the different hemispheres.
The chief point to be noted at this juncture is that the longitudinal average shows a smaller asymmetry ( 10%) as compared to the flux asymmetry of individual ARs (!10%). Assuming that long-range connectivity is the cause of local flux asymmetry, this means that a good fraction of the connectivity occurs within the same hemisphere. This intrahemisphere connectivity implies hierarchical structuring of the toroidal flux produced by the solar dynamo. In the present analysis, this effect is found to be dependent on the phase of the solar cycle. The nonsimilarity of the flux asymmetry in the two hemispheres may be the cause of the activity asymmetry noted in the two hemispheres (Verma 1993; Vizoso & Ballaster 1990) . Although this is a clear indication of some fundamental property of the dynamo, at the present time we are unable to identify what this property could be.
Since transequatorial loop connections are observed (Khan & Hudson 2000; Pevtsov 2000) , it may be possible that the flux asymmetry due to one hemisphere is compensated by an equal and opposite asymmetry in the opposite hemisphere. In order to examine this effect, we have estimated the combined effect of the north and south hemispheres as shown in Figure 5 (third panel from the top), where the solar cycle dependence of DB% disappears. Also, the amplitude of flux asymmetry is reduced to 5%, when the entire solar disk is considered as seen in Figure 5 (bottom). This clearly shows that the local asymmetry is compensated by the global distribution of the magnetic field, including some contribution from the polar region, which could manifest in terms of transequatorial connections. Transequatorial connectivity is a sign of nonpotential field configuration because the field lines need to twist significantly from the toroidal direction in achieving this kind of connectivity. Transequatorial connectivity is also a sign of greater vulnerability to magnetic nonequilibrium because of the longer loop length and consequent decrease in magnetic tension force. This indicates that large-scale solar eruptive activity would be least when transequatorial connections are absent. This is compatible with the solar cycle behavior of the frequency of occurrence of solar eruptive phenomena (Ballester 2000) .
CONCLUSIONS
The estimation of localized flux asymmetry of a number of ARs located near the disk center, as well as the globally averaged asymmetry seen from Carrington maps, lead us to the following conclusions:
1. The median value of the flux asymmetry of the ARs of our sample, situated near the disk center, is $9.5%, whereas more than 30% of the sample shows a flux asymmetry greater than 10%.
2. The NOAA AR 7978 shows a flux imbalance of 17% during its five successive solar rotations. The flux imbalance disappears on considering the entire solar disk. In the case of the superactive region NOAA AR 6555, the imbalance is 
